Recently, a novel Slc22 gene family member expressed in murine olfactory mucosa was identified and based on sequence homology proposed to be an organic anion transporter [Oat6 (Slc22a20); J. C. Monte, M. A. Nagle, S. A. Eraly, and S. K. Nigam. Biochem Biophys Res Commun 323: 429 -436, 2004]. However, no functional data for Oat6 was reported. In the present study, we demonstrate that murine Oat6 mediates the inhibitable transport of estrone sulfate using both Xenopus oocyte expression assay and Chinese hamster ovary (CHO) cells stably transfected with mOat6 (CHO-mOat6). Uptake was virtually eliminated by probenecid and the anionic herbicide 2,4-dichlorophenoxyacetate. The organic anions ochratoxin A, salicylate, penicillin G, p-aminohippurate, and urate inhibited mOat6-mediated accumulation to varying degrees. Transport of estrone sulfate by mOat6 was demonstrated to be saturable, and Km estimates of 109.8 Ϯ 22.6 M in oocytes and 44.8 Ϯ 7.3 M in CHO-mOat6 cells were obtained. Inhibitory constants for 2,4-dichlorophenoxyacetate (15.7 Ϯ 2.0 M), salicylate (49.0 Ϯ 4.4 M), probenecid (8.3 Ϯ 2.5 M), and penicillin G (1,450 Ϯ 480 M) were also determined. Accumulation of estrone sulfate mediated by mOat6 was significantly trans-stimulated by glutarate, indicating that mOat6 functions as an organic anion/dicarboxylate exchanger. These data demonstrate for the first time that the novel murine gene Oat6 (Slc22a20) encodes a functional organic anion transporter and mOat6 is indeed the newest member of the OAT gene family.
The organic anion transporter (OAT) family plays a critical role in the excretion and detoxification of anionic drugs, herbicides, toxins, sulfated steroid hormones, and neurotransmitter metabolites. The OATs, along with the organic cation transporters, comprise the amphiphilic solute transporter (Slc22a) family, a branch of the solute carrier gene superfamily (39, 40, 50) . Six members of the OAT family have been functionally characterized; Oat1, Oat2, Oat3, OAT4 (which has thus far only been identified in humans), Oat5 (which has rat and mouse orthologs, but as of yet no human ortholog), and Urat1 (39, 50) . All of these transporters (Oat1-5 and Urat1) are expressed in the kidney where they play a central role as determinants of toxicity, in the therapeutic action of drugs, and in the excretion and reabsorption of a variety of endogenous substances. OATs are also expressed in other barrier epithelia, such as liver (Oat2; see Refs. 36 and 38), placenta (OAT4; see Ref. 6 ), choroid plexus (Oat1, Oat2, and Oat3; see Ref. 43) , and brain capillary endothelium (Oat3; see Ref. 32) . Thus a more detailed understanding of OAT function and specificity at the molecular level will aid in the pharmacokinetic modeling of substrate distribution within body compartments and in the prediction of pharmacodynamic interactions and toxicity. Increased knowledge of OAT expression and function in olfactory mucosa may improve our ability to exploit these transporters as drug targets and improve the efficacy of drugs delivered to the CNS via intranasal administration.
Interestingly, Oat6 mRNA was only strongly expressed in olfactory mucosa, and to a lesser extent in testis, with no expression in kidney or liver (31) . This unique distribution may reflect an as yet unknown role for Oat6 in odorant detection and detoxification. Detailed understanding of the mechanism of action and substrate specificity of Oat6 compared with Oat1, also found in olfactory mucosa (31) , will be essential for accurate modeling of the basic physiology and toxicology of this barrier tissue. This information, combined with what is known about those OATs already found to be expressed in the brain capillary endothelium and/or choroid plexus (Oat1-3), could aid the design of future therapeutic strategies aimed at the successful delivery of substances to the CNS through the olfactory mucosa. Toward this end, in the current work we sought to establish the function of the putative organic anion transporter Oat6 (Slc22a20) previously identified by in silico analysis (31) . We have demonstrated for the first time that the novel murine gene Oat6 encodes a functional organic anion transporter.
MATERIALS AND METHODS
Murine Oat6 cDNA clone. The DNA sequence ENST00000324623 identified in the Ensembl mouse genome database and designated as Oat6 (31) was used to perform a BLAST search (1) of the GenBank database to find a corresponding cDNA clone (GenBank accession nos. BC046588 and NM198650). The corresponding clone was then selected from a cDNA library of the Integrated Molecular Analysis of Genomes, and their Expression Consortium (cDNA clone MGC: 54868; IMAGE:6309674) and obtained from the American Type Culture Collection (Manassas, VA). The Oat6 plasmid was transformed into Escherichia coli, amplified, and purified according to standard laboratory protocols (35) . All manipulations were done in accordance with the procedures outlined by the Medical University of South Carolina Institutional Biosafety Committee registration for infectious agents and recombinant DNA (IBC#2123-3 and IBC#2123-4, reapproved 5/17/2005).
Xenopus oocyte expression assay. Xenopus oocyte isolation and expression assay procedures were conducted as reported previously (41, 43, 51) . Tricaine methanesulfonate (6 mg/ml; Sigma, St. Louis, MO) anesthetized adult female Xenopus laevis were decapitated, and the ovaries were removed. Ovaries were subjected to collagenase A treatment (5 mg/ml; Roche, Nutley, NJ) to produce follicle-free stage V and VI oocytes. The following day, oocytes were injected with 20 ng of capped cRNA synthesized from linearized Oat6 cDNA using the mMessage mMachine in vitro transcription kit (Ambion, Austin, TX). After 3 days, oocytes were randomly divided into experimental groups (n ϭ 5-10 oocytes/group) and incubated for 1 h at room temperature in oocyte Ringer 2 (OR-2; in mM: 82.5 NaCl, 2.5 KCl, 1 Na2PO4, 3 NaOH, 1 CaCl 2, 1 MgCl2, 1 pyruvic acid, and 5 HEPES, pH 7.6) containing 2-400 M [ 3 H]estrone sulfate (ES; 0.5 Ci/ml). Inhibitors were added as indicated in the legends for Figs. 1-5. For transstimulation studies, oocytes were preloaded by 90 min incubation in OR-2 containing 2.5 mM glutarate and quickly rinsed in ice-cold glutarate-free medium before initiation of uptake. Water-injected or uninjected control oocytes were included in every experiment; no differences were observed between the two treatments. Individual oocyte radioactivity was measured in a Packard Tri-Carb 2900TR liquid scintillation counter with external quench correction. All experiments were done in three to five animals to confirm results.
The Isolation of stably transfected cell lines. Chinese hamster ovary (CHO)-FlpIn cells were purchased from Invitrogen (Carlsbad, CA) and maintained in Ham's F-12 medium (Mediatech, Herndon, VA) containing 10% SerumSupreme (Cambrex, Walkersville, MD) and 100 g/ml zeocin (Invitrogen). Two stably transfected cell lines were produced [a control "mock" transfected cell line stably transformed with the empty pcDNA5/FRT vector (CHO-FRT cells) and the experimental line stably transformed with a pcDNA5/FRT-mouse (m) Oat6 vector (CHO-mOat6 cells)]. The pcDNA5/FRT-mOat6 vector was constructed by gel isolating the 2,058-bp full-length XhoI-KpnI fragment from the pCMVSPORT6/mOat6 vector (MGC:54868; IM-AGE:6309674) and ligating it into XhoI-KpnI cut pcDNA5/FRT vector. Before transfection (1 day), 2 ϫ 10 5 cells were plated in individual wells of a six-well culture plate. Cells were transfected with 1 g pcDNA5/FRT or pcDNA5/FRT-mOat6 DNA and 8 g pOG44 DNA overnight at 37°C using Transfectin Lipid Reagent (2 l transfectin/g DNA; Bio-Rad, Hercules, CA). The next day, transfected cells were given fresh medium containing 500 g/ml hygromycin B (Invitrogen) and maintained at 37°C with 5% CO2. Transfected cell clones were selected with 500 g/ml hygromycin B for 4 wk and maintained in 125 g/ml hygromycin B after testing positive for organic anion transport activity.
Cell transport assays. Before uptake assay (2 days), 2 ϫ 10 5 cells were seeded per well in 24-well tissue culture plates. Antibiotics were removed from the culture medium ϳ24 -36 h before assays were performed. Before transport experiments, the culture medium was removed, and the cells were washed with 500 l of transport buffer [Hanks' balanced salt solution (Sigma) containing 10 mM HEPES, pH 7.4] with a final application of 500 l transport buffer containing 5-500 M [
3 H]ES (0.5 Ci/ml) in the absence or presence of inhibitors as indicated. After incubation at room temperature (2 or 15 min), the medium was removed, and the cells were rinsed rapidly three times with ice-cold transport buffer. The cells were dissolved in 500 l of 1 M NaOH and neutralized with 50 l of 10 M HCl. Aliquots were removed for protein assay using a Bio-Rad Protein Assay kit (Bio-Rad Laboratories) and for liquid scintillation counting using Ecoscint H (National Diagnostics, Atlanta, GA). Uptake was calculated as picomoles of substrate per microgram protein. For trans-stimulation studies, cells were preloaded by 90 min incubation in transport buffer containing 2.5 mM glutarate and quickly rinsed in ice-cold glutarate-free transport buffer before initiation of uptake. For inhibitory constant (K i) experiments accumulation was corrected for background using CHO-FRT cells allowing analysis to focus on the mediated fraction of uptake. The concentration of ES (5 M) was well below the measured Oat6 K m for ES of 45 M to ensure the validity of the calculations. Data were analyzed by nonlinear regression (using GraphPad Prism software), and K i values were estimated by the Cheng-Prusoff equation assuming competitive inhibition. In support of this assumption, a number of studies have determined that probenecid, 2,4-dichlorophenoxyacetate (2,4-D), and penicillin G interact with OAT family members in a competitive manner (15, 22, 33) . All experiments were repeated three to four times in triplicate (3 wells of cells/experimental manipulation) to confirm results.
Statistics. Data are presented as means Ϯ SE. Comparisons were made using unpaired Student's t-test, and differences in mean values were considered significant at P Յ 0.05.
Chemicals. All chemicals were of reagent grade. [ 3 H]ES (50 Ci/mmol) was obtained from American Radiolabeled Chemicals (St. Louis, MO). Unlabeled ES, p-aminohippurate (PAH), 2,4-D, ochratoxin A, penicillin G, urate, and probenecid were obtained from Sigma; salicylate was obtained from Fisher (Fair Lawn, NJ).
RESULTS

Organic anion transport by mOat6 (Slc22a20).
Two heterologous expression systems were used to verify that Oat6 is a functional transporter [Xenopus laevis oocyte expression assay and transport in stably transfected mammalian cell lines (cell line transport assay)]. Oocytes expressing Oat6 exhibited an approximately sixfold increase in accumulation of the organic anion ES over that measured in nonexpressing control oocytes (Fig. 1) . These results were confirmed using a CHO cell line stably transfected with mOat6 (CHO-mOat6), which accumulated fivefold greater ES than a cell line stably transfected with empty vector (CHO-FRT; Fig. 1 ). Oat6-mediated transport of ES was completely inhibited by the organic anion transport inhibitor probenecid in both the oocyte expression assay and the cell line transport assay (Fig. 1) . The time course of mediated ES accumulation in the CHO-mOat6 cells was examined and found to be linear for at least 15 min (data not shown). Therefore, 2 min was chosen as an approximation of initial rates of uptake in the kinetic studies.
Saturation kinetics. Further analysis demonstrated that Oat6-mediated ES transport was a saturable process. Uptake of ES was determined in mOat6-and water-injected oocytes exposed to increasing concentrations of ES (Fig. 2, A and B) . Uptake data from Oat6-expressing oocytes were corrected for diffusion at each ES concentration ( Fig. 2A) and then subjected to double-reciprocal analysis (Fig. 2B) . The kinetic analysis was repeated in four different animals, and an estimated K m value for ES of 110 Ϯ 23 M was obtained. Saturable uptake of ES was also observed in the CHO-mOat6 cells (Fig. 2, C and D) . Uptake was corrected for diffusion by subtracting background accumulation in CHO-FRT control cells (Fig. 2C) , and a Lineweaver-Burke plot yielded an estimated K m value for ES of 45 Ϯ 7 M (Fig. 2D) .
Inhibition profile. Members of the OAT family exhibit overlapping specificities for many substrates. Therefore, we examined the inhibitory effect of a number of known OAT family substrates on Oat6-mediated ES transport using both the oocyte expression assay and cell line transport assay (Fig. 3) . Probenecid, a compound that inhibits transport mediated by every member of the OAT family, completely blocked ES transport by Oat6. The anionic herbicide 2,4-D also virtually eliminated Oat6 transport of ES in both oocytes and CHOmOat6 cells (Fig. 3 ). Significant inhibition of Oat6-mediated ES transport was also observed in each model system for the OAT substrates ochratoxin A, salicylate, and penicillin G. In Fig. 1 . Mediated organic anion transport by murine organic anion transporter (Oat) 6. Uptake of estrone sulfate (ES) was measured in mOat6-expressing Xenopus oocytes and in Chinese hamster ovary (CHO) cells stably transfected with mOat6 (CHOmOat6) mOat6-expressing oocytes, PAH produced only a modest inhibition of ES transport that was not found to be significant, whereas urate had little to no effect (Fig. 3) . In contrast, inhibition of ES transport by PAH and urate in CHO-mOat6 cells was significant even though roughly similar levels of inhibition were observed in the two systems (Fig. 3) . Such differences in observations made in oocytes and cell lines have been observed (21, 27, 28, 45) .
Further experiments were conducted in the CHO-mOat6 cells to examine the kinetics of inhibition for four of the common OAT substrates shown to inhibit mOat6 [probenecid, salicylate, 2,4-D, and penicillin G (Fig. 4) ]. Inhibition of mOat6-mediated ES (5 M) transport by increasing concentrations (10 Ϫ6 to 10 Ϫ1 M) of unlabeled test compound was examined, and the K i values were calculated from the data using the Cheng-Prusoff equation and GraphPad Prism software assuming competitive inhibition (Fig. 4 and Table 1) . Probenecid (K i ϭ 8.3 Ϯ 2.5 M) and 2,4-D (K i ϭ 15.7 Ϯ 2.0 M) displayed similar apparent affinities for mOat6 and had the highest affinity for mOat6 of the four compounds tested. Salicylate (K i ϭ 49.0 Ϯ 4.4 M) also had high affinity for mOat6, albeit slightly less than that of probenecid and 2,4-D. Finally, the data indicated that penicillin G (K i ϭ 1,450 Ϯ 480 M) interacts very poorly with mOat6, with its affinity being two to three orders of magnitude less than the other compounds (Fig. 4 and Table 1) .
trans-Stimulation. The mOat6 protein is most similar to mOat1 and mOat3 in comparison with all the other OATs (31). Oat1 and Oat3 are organic anion/dicarboxylate exchangers and transport organic anions into the cell in exchange for ␣-ketoglutarate and glutarate (41, 46) . If mOat6, like Oat1 and Oat3, functions as an exchanger then preloading the oocyte or cell with the dicarboxylate glutarate would increase the cellular concentration of the available counterion and thus stimulate ES transport into the oocyte or cell. The results of such a transstimulation experiment are shown in Fig. 5 . Preloading the mOat6-expressing oocytes with glutarate produced a threefold increase in ES transport over oocytes that were not preloaded before uptake. Control oocytes showed no active ES transport nor any increase related to preloading the oocytes with glutarate. Similar results were generated using the CHO-mOat6 cells (Fig. 5) . A greater than twofold increase in ES accumulation was observed in CHO-mOat6 preloaded with glutarate compared with nonpreloaded cells. The CHO-FRT control cells confirmed that the increase in ES accumulation was a result of the expression of mOat6 and not a nonspecific effect of glutarate on the integrity of the cells.
DISCUSSION
Genome sequencing and bioinformatics have identified a multitude of putative genes for which no function has been assigned. Sequence homology to known gene families can indicate a potential activity for a gene product, but actual demonstration of this function is necessary for the accurate modeling of complex biochemical processes. Therefore, after Monte et al. (31) suggested that Oat6 was a new member of the OAT gene family, we sought to identify an organic anion substrate for Oat6 and thus confirm its predicted organic anion transporter function. Using Xenopus laevis oocyte expression assay and cultured cell transport assay, we demonstrated Oat6-mediated accumulation of the organic anion ES (Figs. 1-5) .
Like all OAT family members, mOat6 is multispecific and its function is impacted by a number of known substrates and inhibitors of Oat1-5, including ochratoxin A, salicylate, and penicillin G (2, 3, 5, 6, 26, 28, 36, 37, 48, 51) . Despite these similarities, some differences in substrate specificity were noted. For example, although mOat6 shares the greatest sequence homology with murine Oat1, and both are expressed in olfactory mucosa (31) , ES is a high-affinity substrate for mOat6 but is not transported by mOat1 (43) . Conversely, PAH is a high-affinity substrate for Oat1 (37, 43, 46) , but despite producing a modest inhibition of ES uptake in CHO-mOat6 cells (Fig. 3) , no significant Oat6-mediated accumulation of PAH was directly observed (data not shown). Furthermore, mOat3, which is nearly as similar to mOat6 as mOat1, transports both PAH and ES (43) . However, when examined by PCR, mOat3 was not found to be expressed in olfactory mucosa (31) . Thus the olfactory mucosa is the first barrier 1 mM) , penicillin G (500 M), p-aminohippurate (PAH; 500 M), and urate (500 M) was measured in Xenopus oocytes (60 min) and CHO-mOat6 cells (15 min). Oocyte data were corrected for background ES levels measured in water-injected oocytes under each condition and are mean values Ϯ SE from a representative animal; CHOmOat6 data were corrected for background ES level measured in CHO-FRT control cells and are mean values Ϯ SE from a representative experiment. *P Յ 0.01, **P Յ 0.001, and ***P Յ 0.0001 compared with no inhibitor control. epithelium for which it has been demonstrated that Oat1 and Oat3, which exist as a gene pair (16) , are not expressed together. Perhaps this unique expression profile of Oat1 and Oat6 in olfactory mucosa, in combination with their somewhat different substrate specificities, serves to make organic anion uptake in this tissue distinct from other barrier epithelia in which Oat1 and Oat3 are coexpressed (e.g., renal proximal tubule or choroid plexus).
Comparison of kinetic constants determined for the OATs is somewhat tenuous due to the variety of substrates, heterologous expression systems, and transporter species used in their determination. Estimates of K m for ES on rat and human OAT3 (2 and 3 M, respectively), human OAT4 (1 M), and murine and rat Oat5 (2 and 19 M, respectively) have been reported and are comparable to the K m of 45 M reported here for mOat6 (2, 5, 6, 28, 29) . Determination of K i for probenecid, 2,4-D, salicylate, and penicillin G on mOat6 indicate a rank order of affinity of probenecid ϭ 2,4-D Ͼ salicylate ϾϾϾ penicillin G (Table 1) . Estimates of K i for probenecid on the exchangers human (h) OAT1 (12.1 M) and hOAT3 (9 M) are most similar to the K i determined for mOat6 (8.3 M); the K i for hOAT4 (54.9 M) is fairly similar; and the K i reported for hOAT2 of 766 M is approximately two orders of magnitude higher (15, 47) . A K m of 20 M for 2,4-D on rat (r) Oat3 has been reported and is similar to the K i of 15.7 M determined here for 2,4-D inhibition of ES transport by mOat6 (33) . The mOat6 K i of 49 M for salicylate is close to the K m of 88.9 M reported for the transport of salicylate by rOat2 and approximately sevenfold lower (i.e., indicating higher affinity) than the K i of 341 M measured for hOAT1 (3, 36) . Last, the K i for penicillin G on mOat6 of 1.5 mM is similar to that determined for rOat1 (1.7 mM) and 30-fold higher (i.e., indicating lower affinity) than that for rOat3 (52.8 M; see Refs. 21 and 23). Thus, for probenecid, Oat6 is like Oat1 and Oat3; for 2,4-D like Oat3; for salicylate like Oat2; and for penicillin G like Oat1 and vastly different from Oat3 (Table 1) .
Like Oat6, Oat1, Oat3, and Oat5 are known to either transport or be inhibited by 2,4-D (10, 33, 34, 39) . Stupor, coma, Table 1 . Experiments were repeated three to four times in triplicate, and the data shown are mean values Ϯ SE from representative experiments. and even death have been documented as endpoints of exposure to 2,4-D (13, 14) , and it has previously been demonstrated that the basolateral organic anion exchangers Oat1 and Oat3 transport 2,4-D (33, 39) . Many common household herbicides that are applied by spraying contain 2,4-D, and thus exposure to the olfactory mucosa through inhalation of aerosols and subsequent translocation to the CNS mediated by Oat1 and/or Oat6 could readily occur.
Similar to the renal proximal tubule and the choroid plexus, the olfactory mucosa is a polarized epithelium. It covers the ceiling of the nasal cavity and consists of olfactory receptors (neurons), sustentacular cells, and basal cells (4) . The polarized olfactory receptors and sustentacular cells have their apical membranes, which possess cilia or microvilli (respectively), oriented toward the nasal cavity. Recent studies have indicated the presence of a number of transporters in the olfactory mucosa and confirmed that they support active solute transport across this epithelium (19, 20, 24, 25, 31, 49) . Currently, the membrane targeting of Oat1 and Oat6 in olfactory mucosa is unknown. Tissue-specific membrane targeting of OATs has been observed. For example, the exchanger Oat1 is targeted to the basolateral membrane in kidney and the apical membrane in choroid plexus. If Oat1 were targeted to the apical membrane of olfactory mucosa cells, its localization and mechanism of action (organic anion exchanger) would be consistent with it playing a role in the absorption of xenobiotic molecules from the mucus. This situation would be analogous to the targeting of Oat1 to the brush-border membrane in choroid plexus where it mediates the removal of organic anions from the cerebrospinal fluid (34) . Similarly, if Oat6 is localized to the apical membrane of cells in the olfactory mucosa, it will be poised to mediate the cellular uptake of organic anions dissolved in the mucus.
However, if Oat1 is localized to the basolateral membrane, it could potentially mediate the removal of organic anions and toxicants from the richly vascularized lamina propria underlying the olfactory mucosa. Subsequent excretion in the mucus would be accomplished by an apically targeted transporter such as one of the multidrug resistance-associated proteins (18, 24, 30) . This situation would be analogous to renal proximal tubule cells where Oat1 is targeted to the basolateral membrane and it mediates the removal of organic anions from the blood for eventual secretion in urine (42, 46) . Thus targeting of Oat6 to the basolateral membrane of the olfactory mucosa would allow it to play a role in clearance/detoxification from the lamina propria.
In summary, we have provided functional evidence that the novel OAT family member Oat6 (Slc22a20) does mediate the transport of the organic anion ES. This transport is inhibited by several classic OAT substrates and inhibitors. The transport of ES by mOat6 was also shown to be trans-stimulated by glutarate. This indicates mOat6 can function as an exchanger and suggests mOat6 may be mechanistically similar to Oat1 and Oat3, being indirectly coupled to cellular energy and the Na ϩ gradient through the tertiary active transport process (39, 40) . Identification of the substrate specificity of Oat6 increases our understanding of organic anion transport in the olfactory epithelium and will allow us to accurately model the mechanisms contributing to the absorption of drugs and toxic substances via the olfactory mucosa. Further work is needed to elucidate the importance of Oat6 function in the olfactory epithelium and its potential exploitation for the targeted delivery of drugs to treat infections and disorders of the CNS as well as the repercussions of inhaling toxic organic anions. Future studies will also center on further delineating the energetics driving Oat6-mediated transport. It is well established that the physiological properties of organic anion transport across the basolateral and apical membranes of polarized cells are distinct (39, 41, 44, 46) . Thus knowing that a transporter functions as an OAT is insufficient to determine its placement in the organic anion transport model or to define its role in the transcellular flux of organic anions. Key to understanding any potential role for Oat6 in drug delivery, odorant detection, or detoxification in olfactory mucosa will be determining its membrane distribution in the cells that express it.
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